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ABSTRACT 
A time-base encoding system is desc r ibed  which can be adapted : 
t o  high p r e c i s i o n  without  reaching a po in t  of i naccura t e  d i g i t a l  
r e p r e s e n t a t i o n  of t he  r e fe rence  vol tage.  The system uses  a s inu-  
s o i d a l  r e fe rence  vo l t age  and a counter  which i s  capable of accumu- 
l a t i n g  p u l s e s  i n  such a way t h a t  the encoder output  i s  an  a c c u r a t e  
d i g i t a l  r e p r e s e n t a t i o n  of t h e  r e fe rence  du r ing  t h e  encoding i n t e r v a l .  
There is no need f o r  sample and hold c i r c u i t r y  i n  t h i s  p a r t i c u l a r  
encoder. The des ign  of t he  comparator, t h e  c lock  i n h i b i t  c i r c u i t ,  
and t h e  nonl i n e a r  counter  are d i scussed .  
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INTRODUCTION 
There a r e  s e v e r a l  problems t h a t  e x i s t  i n  time-base encoders which 
1 have been s t a t e d  i n  r ecen t  l i t e r a t u r e .  The g e n e r a t i o n  of an a c c u r a t e  
r e fe rence  vo l t age  which i s  s t r i c t l y  pe r iod ic  and which does not produce 
undes i r ab le  switching t r a n s i e n t s  r e s u l t i n g  from abrup t  v a r i a t i o n s  is a 
s e r i o u s  problem. I f  t h e  g e n e r a t i o n  of a s u i t a b l e  r e fe rence  vo l t age  is  
accomplished t h e r e  is t h e  problem of a c c u r a t e l y  comparing t h i s  r e fe rence  
t o  t h e  s i g n a l  which is t o  be encoded. Most time-base encoders a r e  
designed f o r  high p r e c i s i o n  ope ra t ion  which p l aces  s t r i c t  requirements 
on t h e  vo l t age  s e n s i t i v i t y  of the comparator. When the  comparator 
f u n c t i o n s  p rope r ly  t h e r e  i s  the  problem of designing a coun te r  which 
can produce the coded value of t h e  r e fe rence  vo l t age  i n  t h e  e n t i r e  
encoding range. The use of a l i n e a r  coun te r  i s  adequate only i f  t h e  
encoded value of t h e  r e fe rence  vo l t age  is  l i n e a r  t o  t h e  e x t e n t  of t h e  
p r e c i s i o n  being used. This l i m i t s  t he  amount of p r e c i s i o n  which can be 
acqu i r ed  through t h e  use of an exponent ia l  r e f e rence  vo l t age .  
I n  t h i s  paper an encoding system is d i scussed  which e l i m i n a t e s  t h e  
use  of an a p e r i o d i c  r e fe rence  vo l t age  w i t h  d i scon t inuous  p r o p e r t i e s .  
This  is accomplished us ing  a s inuso ida l  r e fe rence  t h a t  i s  d i g i t a l l y  
r ep resen ted  a t  any time during the encoding i n t e r v a l  by a non l inea r  
coun te r .  A l so ,  a s u i t a b l e  comparator f o r  t h i s  encoder i s  presented.  
THE ENCODING SYSTEM 
The encoding system shown i n  F i g .  1 r e p r e s e n t s  a new approach t o  
time-base encoding i n  t h a t  a s inuso ida l  r e fe rence  vo l t age  i s  used  and t h e  
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F i g .  2 .  Waveforms a t  several  po in t s  wi thin  the  encoding system. 
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c oun te r  is designed t o  accumulate t h e  c lock  p u l s e s  s o  t h a t  t h e  coded 
output  r e p r e s e n t s  t h e  va lue  of t h e  s i n u s o i d a l  v o l t a g e  from t h e  p o s i t i v e  
going ze ro  c ros s ing  t o  t h e  maximum value of t h e  encoding range,  which 
is  less t h a n  t h e  peak va lue  of t h e  s inuso ida l  v o l t a g e .  Discussion of 
t he  theo ry  of ope ra t ion  i s  f a c i l i t a t e d  by t h e  g r a p h i c a l  r e p r e s e n t a t i o n  
of Fig.  2 which shows a complete cycle  of t h e  s i n u s o i d a l  r e fe rence  and 
an a r b i t r a r y  s i g n a l  t o  be encoded. 
The ou tpu t  of t h e  coun te r  on d i s c r e t e ,  but  e q u a l ,  i n t e r v a l s  
determined by t h e  clock frequency,  r ep resen t s  t h e  encoded va lue  of t h e  
r e f e r e n c e  beginning a t  the p o s i t i v e  going ze ro  c r o s s i n g .  The comparator 
con t inuous ly  monitors t he  d i f f e r e n c e  between the  r e fe rence  and t h e  
s i g n a l  and produces an  ou tpu t  when the ze ro  d i f f e r e n c e  occurs  t h a t  
i n h i b i t s  t h e  c l o c k  pulse  t o  an  e x t e n t  t h a t  t h e  coun te r  ceases count ing.  
The comparator ou tpu t  i s  a l s o  de l ive red  through a s u i t a b l e  t i m e  de l ay  
t o  a c t u a t e  the  read,  s t o r e ,  and r e s e t  c i r c u i t r y  which r eco rds  t h e  
d i g i t a l  information contained i n  the coun te r  and r e s e t s  t he  coun te r .  
This  d i g i t a l  information r e p r e s e n t s  t h e  analog s i g n a l  a t  time t . 
I n h i b i t i o n  of t h e  clock pu l se  must be maintained u n t i l  t h e  nex t  p o s i t i v e  
go ing  z e r o  c r o s s i n g .  
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THE COMPARATOR 
As t h e  p r e c i s i o n  of t h e  encoding system inc reases  t h e  need of a 
comparator w i t h  increased s e n s i t i v i t y  becomes necessa ry .  The comparator 
of F i g .  3 has demonstrated t h e  necessary s e n s i t i v i t y  f o r  use i n  a high 
L p r e c i s i o n  encoding system. Comparison of t h e  analog s i g n a l  is  accom- 
p l i s h e d  by b i a s i n g  t h e  t u n n e l  diode so  t h a t  the peak diode c u r r e n t  and 
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Fig. 3 .  The compare c i r c u i t .  
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t he  t r a n s i s t o r  leakage c u r r e n t  a r e  suppl ied by t h e  v o l t a g e  E when t h e  
t r a n s i s t o r  is i n  t h e  off  s t a t e ,  which a l lows  the diode t o  switch t o  
i t s  high vo l t age  s t a t e  and the reby  produce an i n d i c a t i o n  of t he  t r a n -  
s i s t o r  off  s ta te .  This  off  s t a t e  resul ts  from a small  i nc rease  i n  t h e  
magnitude of t he  r e fe rence  vo l t age  above the  magnitude of the analog 
s i g n a l  value. The amount of i nc rease  necessa ry  t o  swi t ch  the  t r a n s i s t o r  
t o  the  off  s ta te  is s e t  by the required s e n s i t i v i t y  of t h e  encoder.  
Since a pnp t r a n s i s t o r  i s  used t o  amplify t h e  d i f f e r e n c e  i n  the  
tunnel  diode c u r r e n t  suppl ied by t h e  r e fe rence  s i g n a l  and t h e  analog 
s i g n a l ,  and t o  l i m i t  t h e  amount of d i f f e r e n c e  c u r r e n t ,  only negat ive 
analog va lues  w i l l  be accepted.  The use of an npn t r a n s i s t o r  would 
r eve r se  t h e s e  cond i t ions  and would allow only p o s i t i v e  analog va lues  t o  
be accepted.  I n  e i t h e r  case a s u i t a b l e  t r a n s i s t o r  switch a t  t h e  inpu t  
can be used t o  a p p r o p r i a t e l y  change t h e  s i g n  of t he  analog s i g n a l  and 
t o  produce an i n d i c a t i o n  of t h i s  s ign change as  an a d d i t i o n a l  b i t  of 
information along wi th  t h e  coded output.  The tunnel  diode i s  biased 
so  t h a t  it is  reset t o  t h e  low vo l t age  s t a t e  by t h e  nega t ive  p o r t i o n  of 
t h e  r e fe rence  vo l t age .  The output  of t h e  comparator i s  loaded by t h e  
i n h i b i t  c i r c u i t  and t h e  t i m e  de l ay  network. 
The comparator of Fig.  3 has been b u i l t  and cons t ruc t ed  us ing  a 
2N1034 t r a n s i s t o r ,  a 1N2940 tunnel  d i o d e ,  and p r e c i s i o n  r e s i s t o r s .  The 
upper  t r a c e  of Fig.  4 r e p r e s e n t s  a r e fe rence  vo l t age  of 1 0  v o l t s  ampl i -  
t ude  and 100-Kc which is compared wi th  an  analog va lue  of 5 v o l t s  t o  
y i e l d  t h e  comparator ou tpu t  i l l u s t r a t e d  by the lower t r a c e  which has a 
p u l s e  he igh t  of 0.55 v o l t s .  
6 
P i g .  4. Traces of the reference vol tage  and the comparator output.  
THE INHIBIT CIRCUIT 
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The waveforms of F ig .  2 r ep resen t  t h e  s i n u s o i d a l  r e f e r e n c e ,  a n  
a r b i t r a r y  analog s igna l ,  and t h e  waveforms a t  t h e  t h r e e  i n p u t s  of t h e  
i n h i b i t  c f r c u i t  t h a t  are necessary  t o  p r o p e r l y  pulse  t h e  counter.  The 
p o i n t s  i n  the system where t h e s e  waveforms occur  are  i n d i c a t e d  i n  t h e  
block diagram of F ig .  1. Traces  of the  waveforms are  shown i n  Fig.  5 
w i t h  t h e  upper group r e p r e s e n t i n g  the  s i n u s o i d a l  r e f e r e n c e  v o l t a g e ,  a 
c o n s t a n t  analog va lue ,  and t h e  i n h i b i t e d  c lock  pu l se .  The t h r e e  in-  
p u t s  t o  t h e  i n h i b i t  c i r c u i t  are  represented by the  t h r e e  lower traces. 
The f r e q u e n c i e s  of t h e  r e fe rence  vo l t age  and the  c l o c k  are 400 c p s  
and 1 Mcps, r e s p e c t i v e l y .  
The ou tpu t  of t h e  i n h i b i t  c i r c u i t  may be expressed a s  f = A% 
where A i s  the  square waveform derived d i r e c t l y  from t h e  r e f e r e n c e ,  B 
i s  t h e  comparator ou tpu t  and C i s  the c lock  pu l se .  For  s u i t a b l e  
p u l s i n g  of t h e  coun te r  it i s  necessary t o  produce s a t i s f a c t o r y  waveforms 
and t o  g i v e  s u f f i c i e n t  cons ide ra t ion  t o  t h e  amount of t i m e  de l ay  i n  each 
p a r t  of t h e  i n h i b i t  c i r c u i t .  
THE CO'UNTER 
Using t h e  s i n u s o i d a l  reference vo l t age  r e q u i r e s  a coun te r  which 
accumulates c lock  p u l s e s  from t h e  t i m e  o f  a p o s i t i v e  going z e r o  c r o s s i n g  
u n t i l  t h e  e q u a l i t y  of t h e  reference vo l t age  and t h e  analog s i g n a l  is 
i n d i c a t e d  by the  comparator w i t h  t h e  maximum va lue  of t h e  encoding range 
as t h e  upper l i m i t .  These c lock  p u l s e s  occur p e r i o d i c a l l y  bu t  t he  coun te r  
is designed t o  produce a n  output  corresponding t o  d i s c r e t e  levels of t h e  
8 
Fig .  5 .  Traces of the reference vo l tage ,  analog value ,  inhibi ted  
c l o c k ,  output derived from reference,  inverted comparator 
output,  and the clock. 
s i n u s o i d a l  r e fe rence .  The amplitude of t h e  r e fe rence  v o l t a g e  should be 
s e l e c t e d  t o  exceed t h e  maximum analog value by an amount which w i l l  
b 
e l i m i n a t e  the  use  of t h e  f l a t  p o r t i o n  of t h e  r e fe rence  vo l t age  because 
of the high s e n s i t i v i t y  of t h e  comparator needed i n  this region,  
For b r e v i t y  and s i m p l i c i t y  of explanat ion it i s  convenient t o  use 
r e l a t i v e l y  low p r e c i s i o n  t o  i l l u s t r a t e  t h e  l o g i c a l  design of t h e  counter .  
The v a l n e s  of Table I r e p r e s e n t  t h e  poss ib l e  counter  o u t p u t s  t h a t  a r e  
necessa ry  t o  r ep resen t  a s i n a s o i d a l  r e fe rence  of 1 0  v o l t s  amplitude wi th  
f o u r  b i t  p r e c i s i o n  Eor- an encoding range of 0.0 t o  7.5 v o l t s ,  o r  minus 
7.5 t o  p l u s  7.5 v o l t s  i f  a s i g n  b i t  i s  used. 
TABLE I 
t 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
Reference 
Voltage 
0.000 
0.5234 
1 5643 
2.5882 
3.5837 
4.5399 
5 4464 
6 2932 
7.0711 
7.7715 
SEQUENCE OF COUNT 
De coded 
output  
0.0 
0.5 
1.5 
2.5 
3 . 5  
4 . 5  
5.5 
6.5 
7.0 
7.5 
Counter Output 
t ime (tl  t ime 
A B C D  
0 0 0 0  
0 0 0 1  
0 0 1 1  
0 1 0 1  
0 1 1 1  
1 0 0 1  
1 0 1 1  
1 1 0 1  
1 1 1 0  
1 1 1 1  
A B  
0 0  
0 0  
0 1  
0 1  
1 0  
1 0  
1 1  
1 1  
1 1  
0 0  
(t+l) 
C D  
0 1  
i l  
0 1  
1 1  
0 1  
1 1  
0 1  
1 0  
1 1  
0 0  
The r e s u l t i n g  f l i p - f l o p  d i f f e r e n c e  equa t ions  i n  s implif  ied form a r e  
A C ~ I B  (CD) %] t + + 
10 
ctil = [GD + ABEIC + CZD + AD) E ]  
Using t h i s  method in t roduces  an e r r o r  l e s s  t han  t h e  least  s i g n i f i -  
can t  b i t  i n  r e p r e s e n t i n g  t h e  s inuso ida l  r e fe rence ;  however, t h e  t o t a l  
encoding e r r o r  i s  g r e a t e r  f o r  p a r t i c u l a r  analog v a l u e s  because t h e s e  
values are not  a v a i l a b l e  a t  t h e  counter ou tpu t  and t h e  n e a r e s t  l e v e l  
d i f f e r s  by an amount g r e a t e r  than the l e a s t  s i g n i f i c a n t  b f t .  The maxi- 
mum e r r o r  occurs  a t  t he  lower analog l e v e l s  because t h e  r e fe rence  in- 
c r e a s e s  more r a p i d l y  between two consecutive c lock  pu l ses  a t  t h e s e  l e v e l s .  
This  error i s  p r e d i c t a b l e  s i n c e  the r e fe rence  is known t o  vary s i n u s o i d a l l y  
and the  e r r o r  can be reduced t o  a des i r ed  value by inc reas ing  t h e  pre- 
c i s i o n  t o  produce a more a c c u r a t e  r e p r e s e n t a t i o n  of t he  r e fe rence .  Reduc- 
t i o n  of e r r o r  by inc reas ing  p rec i s ion  is  no t  always poss ib l e  w i t h  an 
exponentEa1 r e fe rence  s i n c e  increased p r e c i s i o n  with a l i n e a r  count can 
reach t h e  p o i n t  where the  reference cannot be approximated as a l i n e a r  
f u n c t f o n  a c c u r a t e l y  t o  t h e  des i r ed  p r e c i s i o n .  
DESIGN CONSIDERATIONS 
With t h e  increased p r e c i s i o n  i n  representing t h e  s i n u s o i d a l  r e fe rence  
t h e  complexity of t h e  l o g i c  required t o  implement t h e  non l lnea r  coun te r  
r eaches  a l e v e l  t h a t  i s  d i f f i c u l t  t o  manage. For example, the simp1if;- 
c a t i o n  of t h e  f l i p - f l o p  d i f f e r e n c e  equa t ions  i s  t o o  l a r g e  a problem t o  
be performed manually. 
11 
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It  is a l s o  poss ib l e  t h a t  t h e  s o p h i s t i c a t i o n  of t h e  l o g i c  w i l l  reach 
a l e v e l  that is no t  p r a c t i c a l  f o r  implementation. I n  t h i s  case t h e  
d i g i t a l  r e p r e s e n t a t i o n  of t h e  reference can be accomplished using two 
sepa rab le  u n i t s .  One u n i t  w i l l  accumulate t h e  c lock  pu l ses  i n  a l i n e a r  
manner and produce an i n d i c a t i o n  of the number of accumulations when 
the r e fe rence  is equal  t o  t h e  analog value.  I f  t h e  encoder i s  t o  be 
used i n  a hybrid a n a l o g - d i g i t a l  system where a d i g i t a l  computer is  used  
t o  analyze t h e  d i g i t a l  information a t  t h e  output  of t h e  encoder then 
t h e  conversion of t h e  l i n e a r  d i g i t a l  accumulation t o  d i s c r e t e  s i n u s o i d a l  
l e v e l s  can be included i n  t h e  analyzing procedures performed by t h e  
computer. For use of t h e  encoder i n  a d i g i t a l  c o n t r o l  system t h i s  con- 
v e r s i o n  can be performed by a l o g i c  conversion u n i t  connected a t  t h e  
ou tpu t  of t h e  1 i n e a r  coun te r .  
S p e c i a l  c o n s i d e r a t i o n  i s  p r e s e n t l y  being given t o  gene ra l i zed  
computer programs and flow c h a r t s  which w i l l  completely automate t h e  
l o g i c a l  design of l o g i c  conversion u n i t s  and most coun te r s .  The 
g e n e r a l i z a t i o n  is w i t h  respect t o  the t y p e s  of codes t h a t  a r e  t o  be 
used i n  t h e  conversion u n i t s  and the c o u n t e r s ,  and w i t h  r e spec t  t o  t h e  
sequence of count t h a t  is required of t he  counter .  These automated 
d e s i g n  procedures can be accomplished us ing  numerical r e p r e s e n t a t i o n s  
of Boolean f u n c t i o n s  and numerical s i m p l i f i c a t i o n   procedure^.^ 
automation of l o g i c a l  design is very u s e f u l  i n  designing d i g i t a l  dev ices  
which o p e r a t e  w i t h  l a r g e  word lengths .  
This  
C ONCLUS I ON S 
This non l inea r  encoder uses a r e a d i l y  a v a i l a b l e  r e fe rence  vo l t age  
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and the  accumulation of t h e  pu l ses  can be accomplished us ing  s tandard  
d i g i t a l  modules. It i s  adaptab le  t o  very  h igh  p r e c i s i o n ,  p a r t i c u l a r l y  
w i t h  a l i n e a r  accumulat ion of t h e  clock pulse  and w i t h  t h e  high p r e c i s i o n  
t h e r e  i s  no l o s s  of accuracy  a s  i n  the case of an  exponent ia l  re fe rence .  
There i s  no need of sample and hold c i r c u i t r y  i n  t h i s  encoder  un le s s  a 
s t r i c t l y  p e r i o d i c  encoder  is needed. 
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